Abstract. The lateral mobility of the epidermal growth factor (EGF) receptor in the plane of the plasma membrane of cultured A431 cells was investigated using direct and indirect fluorescent probes to measure the generation and relaxation of electric field-induced receptor asymmetry. A steady electric field of 15 V/cm for 30 min at 23°C induced a redistribution of the unoccupied EGF receptor such that there was approximately a three-fold higher concentration of receptors at the cathode-facing pole. After termination of the field, the unoccupied receptors back diffused at 37°C with a rate corresponding to a diffusion coefficient of 2.6-3.5 × 10 -l° cm2/s. No diffusion was detected at 4°C. Formation of the hormone-receptor complex is known to induce receptor clustering and internalization. By inhibiting internalization with metabolic poisons, we were able to study the cell surface mobility of clusters of the hormone-receptor complex. The same degree of asymmetry was induced when the occupied receptor was exposed to an electric field and the rate of back diffusion of clusters of the hormone-receptor complex corresponded to a diffusion coefficient of 0.68-0.95 × 10 -l° cm2/s. Although the unoccupied receptor is somewhat more mobile than the hormone-receptor complex, it was still far less mobile than one would predict for an unconstrained protein imbedded in a phospholipid bilayer.
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T o perform their physiological tasks, many integral membrane proteins must diffuse within the plane of the membrane to interact with other macromolecules. An accurate determination of the lateral diffusion rate of these proteins is important to understand these interactions. Most information gathered to date has used the technique of fluorescence photobleaching recovery (FPR) t to study cell surface receptors occupied with fluorescently labeled ligands. A small spot is bleached by an intense beam from a laser and the diffusion coefficient (D) is calculated from the rate of recovery of fluorescence as the unbleached receptor-ligand complex from adjacent areas diffuses into the bleached spot. D values determined by FPR for a number of receptors were in the order of 10-"-10 -l° cm2/s. These diffusion rates are ~100-fold slower than one might expect from theoretical calculations (Saffman and Delbruk, 1975; Saffman, 1976) and measured values for integral membrane proteins reconstituted into phospholipid bilayers (Peters, 1981; Tank et al., 1982) . Artifacts of the FPR method have been considered as a possible explanation of this discrepancy, but, at least in certain model systems, the results of FPR experiments have been verified by independent methods (Koppel and Sheetz, 1981) .
One possible explanation for the unexpectedly slow D values determined in cells is that, by binding, the ligand induces interactions between its receptor and other cellular macromolecules that impede movement of the ligand-receptor complex. Unfortunately, the FPR method does not permit measurement of the D of unoccupied receptors. One method to study the rate of diffusion of unoccupied receptors uses in situ electrophoresis to induce an asymmetric distribution of the membrane components in intact cells followed by measuring the postfield relaxation of asymmetry of the receptor in question (Poo, 1981) . Using this method, the unoccupied low density lipoprotein receptor was determined to have a D of 1.1 x 10 -9 cmVs at 22°C (Tank et al., 1985) , while D for the occupied receptor as determined by FPR was 1.4 x 10-" cm2/s (Barak and Webb, 1982) . It is not known if the occupied receptor diffused slower because of direct effects of the large low density lipoprotein particle or because of ligand-induced interactions of the receptor with cellular components. In studies of other receptors, the D values measured by postfield relaxation were both larger (Poo et al., 1979) and approximately the same (McCloskey et al., 1984) as the D values for the occupied receptors determined by FPR (Schlessinger et al., 1976; Axelrod et al., 1978; Wolf et al., 1980) .
In this study, we have measured the rate of back diffusion of the occupied and unoccupied epidermal growth factor (EGF) receptor after inducing asymmetry by application of a steady electric field. Several considerations make this a good model system for studying the effects of receptor oc-cupancy on diffusion in the plane of the plasma membrane. EGF is a small univalent polypeptide that binds with high specificity and affinity to a receptor of known structure. The mature receptor contains a 621-amino acid extracellular domain that is separated by a single 26-amino acid hydrophobic transmembrane domain from a 542-amino acid cytosolic domain (reviewed by Hunter, 1984) . The cytosolic domain contains several phosphorylation sites and a tyrosine protein kinase activity that is activated when EGF binds to the extracellular domain. The unoccupied receptor is randomly distributed on the cell surface, but upon binding EGF the hormone-receptor complex rapidly forms clusters that are internalized via coated pits (reviewed by Haigler, 1983) . The internalized hormone-receptor complex is degraded in lysosomes. Although the molecular signals that trigger clustering and internalization are not yet known, experiments with metabolic inhibitors have established that internalization, but not clustering, requires cellular energy input McKanna et al., 1979) . The cytosolic region of the receptor containing the tyrosine kinase activity appears to be required for receptor internalization .
Lateral diffusion of the EGF receptor is required for clustering and internalization of the hormone. It is also possible that the hormone-receptor complex must diffuse within the plane of the membrane to interact with other occupied receptors in order to activate the kinase activity associated with the receptor (Zidovetzki et al., 1981) . The rapid stimulation of ion flux that is stimulated by EGF could also require diffusion-dependent interaction of the occupied receptor with ion channels. D values of 2-8 x 10 -~° cm2/s have been determined for the occupied EGF receptor by FPR (Shechter et al., 1978; Hillman and Schlessinger, 1982; Rees et al., 1984) . These values are considerably lower than one would expect from viscous drag of the membrane lipid on the transmembrane segment of the receptor. The low value does not seem to be the result of the interaction of the cytosolic domain of the receptor with cellular structures such as the cytoskeleton because a mutant form of the receptor lacking all but nine of the amino acids in the cytoplasmic domain had approximately the same D value as the intact receptor . To determine if the constrained lateral mobility is a ligand-induced property of the receptor, we have estimated the D value for the occupied and unoccupied EGF receptor after redistribution of the receptors by an electric field. The diffusion rate of the EGF receptor decreased when occupied by EGF but only between three-and fourfold.
Materials and Methods

Synthesis and Characterization of EGF Conjugates
EGF was isolated (Savage and Cohen, 1972 ) from mouse submaxillary glands and iodinated (1.8-2.1 × 105 cpm/ng) by published procedures (Wiley and Cunningham, 1982) . Fluorescein-conjugated EGF (FI-EGF) was prepared as previously described (Haigler et al., 1978) .
Biotinylated-EGF (B-EGF) was prepared by reacting EGF (1.0 mg in 0.5 ml sodium bicarbonate, 0.2 M, pH 8.75) with a fivefold molar excess of N-hydroxysuccinimidobiotin (Pierce Chemical Co., Rockford, IL; 11.3 I.tl of a 25-mg/ml solution in dimethylformamide) with gentle stirring for 1 h at 20°C. The conjugate was separated from unreacted N-hydroxysuccinimidobiotin by gel filtration on a Sephadex G-25 column (0.9 × 25 cm) equilibrated with water. The protein in the excluded peak gave a single band that migrated toward the anode more rapidly than unlabeled EGF on native gel electrophoresis (7% polyacrylamide, pH 9.5) as described (Carpenter et al., 1975) and indicated that the reaction with the single free amino group of EGF went to completion. B-EGF adsorbed to a previously described DEAE ion exchange column (Carpenter et al., 1975) more tightly than native EGF and eluted as a single symmetrical peak. However, this purification step was not routinely used since the reaction appeared to go to completion. A ftuorescamine assay indicated that B-EGF had <0.05 mol free amine per mol protein.
The following experiment was performed to determine if B-EGF would react with avidin. B-EGF was prepared using a tracer amount of ~2SI-EGF and the radioactive conjugate was mixed with a 10-fold molar excess of avidin. The resulting solution was chromatographed on a Sephadex G-100 column and all detectable radioactivity co-migrated with avidin. Aliquots of the high molecular weight radioactive peak were incubated in the presence or absence of a 500-fold molar excess of biotin and chromatographed again on the Sephadex G-100 column. A biotin-dependent shift in the elution position of the radioactivity from one corresponding to that of avidin to one corresponding to that of native EGF was observed.
B-EGF was indistinguishable from native EGF in competitive binding assays using human fibroblasts and ~25I-EGF by previously described methods . Half-maximal stimulation of [3H]thymidine incorporation by human fibroblasts was elicited by "~0.2 nM B-EGF compared to "~0.1 mM native EGE
In Situ Electrophoresis
A431 cells were cultured in Dulbecco's modified Eagle's medium (DME) supplemented with 10% calf serum, Hepes buffer (20 mM), penicillin, and streptomycin. Experimental cultures were plated on glass coverslips at a density of 7,000 cells/cm 2. 1 d after plating, the coverslips were rinsed and incubated in modified Steinberg's solution (145 mM NaCl, 7 mM KCI, 0.42 mM Ca(NO3)2, 1.3 mM MgSO4, 4.6 mM Tris-HCl, pH 7.8) in a 0.5-mm deep electrophoresis chamber formed on a microscope slide as described (Poo et al., 1978) . A current (,'~2.6 mA) was applied through a pair of agar bridges to produce a steady 15-V/cm field that was maintained for 30 rain at "~23°C.
Fluorescent Labeling of Cells
Unless otherwise indicated, cultures were labeled at 4°C with either F1-EGF or B-EGF by removing the coverslips from the electrophoresis chamber and incubating in 1.0 ml of DME containing Hepes buffer (20 mM, pH 7.4), BSA (1 mg), and the indicated derivative of EGF (200 ng). At this concentration of EGF, the occupancy of the EGF receptor was essentially 100% (Haigler et al., 1978) . After a 30-min incubation, the cultures were rinsed five times at 4°C with DME/Hepes/BSA. Cultures labeled with FI-EGF were fixed by adding cold formaldehyde (3 %) in PBS and incubating 10 min at room temperature. The cultures were rinsed three times with PBS and mounted in 90% glycerol buffered with Tris-HCl (4 mM, pH 7.2). Before fixation, cultures labeled with B-EGF were incubated in 1 ml of DME/ Hepes/BSA containing Texas red-conjugated streptavidin (TXR-avidin) (Bethesda Research Laboratories, Bethesda, MD) for 60 min at 4°C followed by six rinses with DME/Hepes/BSA. Micrographs of the fluorescent stain were taken with llford XP-1 film with exposures of 1 min.
The following experiments establish the specificity of labeling by these methods. The amount of staining was reduced by greater than 90 % as measured by microfluorimetry (see below) when cultures were labeled as above except a 200-fold excess of native EGF was added to the incubation with FI-EGF or B-EGF. A similar reduction in staining of B-EGF-labeled cells was observed if cells were incubated with TXR-avidin in the presence of biotin (1.0 mM) or if cells were not exposed to B-EGF before incubation with TXR-avidin.
If A431 cells were labeled with B-EGF and TXR-avidin at 4°C and than warmed to 37°C for 20 min before fixation, the majority of the staining was in bright dots that we interpreted to be endocytic vesicles because their plane of focus was lower than that of the cell surface. This interpretation was supported by the fact that they could not be extracted by an acetic acid wash that has been shown to remove cell-surface ~251-EGF but not internalized hormone (Haigler et al., 1980) . However, if B-EGF-labeled cells were warmed to 37°C for 20 min before staining at 4°C with TXR-avidin, very little staining was observed. These results establish that TXR-avidin will not bind to B-EGF after it is internalized.
Back Diffusion of EGF Receptors
To measure the rate of back diffusion of the unoccupied receptor after electrophoresis, cultures were incubated for the indicated time at 37°C in DME containing Hepes buffer after terminating the electric field. The cultures then were labeled at 4°C with either FI-EGF or B-EGF as described above. To measure the rate of back diffusion of occupied EGF receptors, cultures were labeled immediately after electrophoresis with either FI-EGF or B-EGF at 4°C as described above except the incubation medium lacked glucose and contained 2-deoxyglucose (30 mM) and sodium azide (2 mM). After washing to remove unbound hormone conjugates, the cultures were incubated at 37°C for the indicated time in DME/Hepes/BSA/2-deoxyglucose/sodium azide, and then FI-EGF-stained cultures were fixed and B-EGFlabeled cultures were labeled at 4°C with TXR-avidin followed by fixation and mounting in buffered glycerol as described above.
Measurement of Asymmetry Index
The cellular distribution of fluorescent stain was measured by a microfluorimetric method using a universal Zeiss microscope fitted with epiillumination (III RS) optics and a PMI photomultiplier (Carl Zeiss, Inc., Thornwood, NY). Single cells that were not in direct contact with other cells were located and the intensity of the circumferential ring staining at the pole of the cell facing the cathode (180 °) and the anode (0 °) of the applied field was measured through an aperture that subtended an 8-I.tm diameter spot when using a 40× objective. Background fluorescence intensity, measured by shifting the measuring aperture to an adjacent cell-free region, was subtracted from all ring stain intensity measurements. Photometer readings of formaldehyde-fixed cells that had not been exposed to the fluorescent probes were <10% higher than background values. This insignificant level of autofluorescence was neglected in asymmetry index calculations. The asymmetry of fluorescence stain on each cell was normalized by determining the asymmetry index (Poo et al., 1979) described by the following formula: A = (Ii8o -lo)/(Lso + Io). Each cover slip containing labeled cells was scanned linearly and every isolated cell that was encountered was measured. We alternated between sampling the cathodal or anodal pole first.
Within experimental error, the logarithm of the asymmetry index was a linear function of the relaxation time and the slope of this line was determined by least squares analysis with the line constrained to pass through the experimentally determined asymmetry index value at zero time. The l/e decay time (to) was determined from this curve and used to calculate the diffusion coefficient (D) according to the relationship (Poo, 1981 ) D = rZ/2td. The average cell radius (r) was 12.5 I.tm(SD = 3.9) as determined by measuring the diameter of unfixed cells with a reticle calibrated slide micrometer. The radius of unfixed cells was used in the calculation of the diffusion coefficient rather than the radius of formaldehyde-fixed cells because cells were fixed after back diffusion.
uSI-EGF Binding and Internalization
Binding was measured by placing coverslips containing cells in 1 ml of DME containing Hepes buffer (20 mM, pH 7.4), BSA (1 mg), and 125I-labeled EGF (100 ng). After incubating for 1 h at 4°C, the coverslips were washed five times with the same buffer and bound radioactivity was determined with a gamma counter. Nonspecific binding was determined in parallel incubations containing a 500-fold excess of unlabeled hormone. Internalization of ~251-1abeled EGF was determined as previously described (Haigler et al., 1980) .
Results
As expected from previous studies (Haigler et al., 1978) , A431 cells labeled at 4°C with either FI-EGF (not shown) or B-EGF followed by TXR-avidin (Fig. 1 A) showed uniform cell surface fluorescent staining that gave the appearance of ring staining because the membrane was viewed endon at the circumference of the cell. However, if the cells were exposed to a 15-V/cm electric field for 30 min at 23°C before staining, the label was asymmetrically distributed. In >80% of the cells, the pole of the cell facing the cathode was strikingly brighter (Fig. 1 B) . The distribution of the stain was measured by microfluorimetry using an 8-~tm-diameter aperture to collect photons from the anode-and cathode-facing poles of the cells. The asymmetry index of cells labeled with F1-EGF and B-EGF/TXR-avidin was 0.44 and 0.51, respectively, (Figs. 2 and 3) indicating that approximately threefold more stain was at the pole of the cell facing the cathode. The induction of asymmetry by the electric field did not require cellular metabolic activity because essentially the same asymmetry was obtained (FI-EGF = 0.42; B-EGF/TXR-avidin = 0.47) when cells were preincubated and exposed to the electric field in medium containing the energy inhibitors sodium azide (2 mM) and 2-deoxyglucose (30 mM).
The asymmetric distribution decayed if the electric field was terminated and the cells were incubated at 37°C before labeling. A typical cell showing no asymmetric staining after incubation for 9 h postfield before labeling is shown in Fig.  1C .
Only isolated cells that were growing such that they were not in contact with an adjacent cell were investigated. Cells growing in clumps also showed accumulation of stain at the cathode-facing pole, but it was more difficult to quantify the asymmetry in these cells. No gross morphological changes due to the electric field were detected by phase-contrast microscopy.
The effects of an electric field on the distribution of receptors that were occupied with hormone also was investigated. Figure 1 . Electric field induction of asymmetric distribution of EGF receptors followed by postfield relaxation. A431 cells were labeled with B -E G F and TXR-avidin as described in Materials and Methods. The control cell was not exposed to an electric field (A) while experimental cells (B and C) were exposed to a 15-V/cm field for 30 min at 23°C. Experimental cells were labeled immediately after terminating the field (B) or after a 9-h incubation at 37°C (C). The arrows indicate the direction of the electric field. T h e ring staining is at the edge of the cell. The average cell was 25 tim diam. Cultures were exposed to a 15-V/cm field for 30 min at 23°C and the asymmetry index was measured using F1-EGF as described in Materials and Methods. To measure the back diffusion of the unoccupied receptor, the field was terminated, the cultures were incubated for the indicated time at 37°C (closed circles) or 4°C (closed square), and then labeled with FI-EGF at 4°C as described in Materials and Methods. To measure the back diffusion of the occupied receptor, the field was terminated, the cultures were labeled with F1-EGF at 4°C, washed to remove unbound hormone, incubated at 37°C for the indicated time, and then fixed with formaldehyde (open circles). Control cultures (open square) were labeled without exposure to an electric field. The asymmetry index was measured for greater than 40 cells in several separate experiments as described in Materials and Methods for each experimental point and the error bars represent 95 % confidence limits. The lines are single exponential fits of the data that were constrained to the asymmetry index determined at t = 0.
In these experiments glucose-free solutions containing sodium azide (2 mM) and 2-deoxyglucose (30 mM) were used to minimize endocytosis of the occupied hormone-receptor complex during the procedures . Cells were labeled with either F1-EGF or B-EGF at 4°C, washed to remove unbound hormone, then exposed to a 15-V/cm electric field for 30 min at 23°C. The cells labeled with B-EGF were incubated at 4°C with TXR-avidin after the electrophoresis so that any internalized B-EGF would not be labeled by the probe. The asymmetry index for cells labeled with FI-EGF and B-EGF was 0.42 and 0.46, respectively, and was within experimental error of the values obtained when cells with unoccupied receptors were exposed to an electric field.
The effects of an electric field on internalized EGF also was investigated. Cultures were labeled with FI-EGF or B-EGF/TXR-avidin at 4°C, washed to remove unbound hormone, then incubated at 37°C for 20 min. Previous ultrastructural studies showed that the hormone was located in endocytic vesicles under these conditions and the appearance of the fluorescent labels was consistent with this location (data not shown). Analysis of the internalization of t25I-EGF in parallel cultures under these conditions indicated that >90% of the hormone was internalized. Cultures containing internalized F-EGF or B-EGF/TXRavidin were exposed to a 15-V/cm electric field for 30 min at 23°C then fixed and observed. No asymmetry was detected by either gross observation or by microfluorimetry.
The possibility that exposure to the electric field induced selective removal and/or insertion of new receptors was investigated. Binding of 125I-EGF was measured as described in Materials and Methods in control cells, in cells immediately after exposure to an electric field, and in cells exposed to an electric field followed by a 3-h postfield relaxation period at 37°C. Less than 10% difference in 12SI-EGF binding was detected in these cultures indicating that no gross change occurred in receptor number.
Since the above experiments indicate that the electric field-induced changes are due to redistribution of EGF receptors, the rate of back diffusion was measured in order to estimate the diffusion coefficient of the occupied and unoccupied receptor. To measure the back diffusion of the unoccupied receptor, cells were incubated for increasing times at 37°C after termination of the electric field. The cells were then labeled with FI-EGF or B-EGF/TXR-avidin, fixed, and the asymmetry index was measured by microfluorimetry. The rate of back diffusion as measured by both methods was similar and, within experimental error, appeared to be a single exponential decay with complete relaxation of asymmetry (Figs. 2 and 3) . The l/e relaxation times were 36 and 49 min and corresponded to lateral diffusion coefficients of 3.5 and 2.6 × 10 -l° cm2/s, respectively (Table I) . No detectable change in the electric field-induced asymmetry was detected at 4°C (Fig. 2) . Cultures were exposed to a 15-V/cm field for 30 min at 23°C and the asymmetry index was measured using B-EGF and TXR-avidin as described in Materials and Methods. To measure the back diffusion of the unoccupied receptor, the field was terminated, the cultures were incubated for the indicated time at 37°C, and then labeled with B-EGF and TXR-avidin at 4°C as described in Materials and Methods (closed circles). To measure the back diffusion of the occupied receptor, the field was terminated, the cultures were labeled with B-EGF &t 4°C, washed to remove unbound hormone, incubated at 37°C for the indicated time, and then incubated at 4°C with TXR-avidin (open circles). The cells were fixed and the asymmetry index was measured for greater than 40 cells in several separate experiments as described in Materials and Methods for each experimental point. Error bars represent 95 % confidence limits. The lines are single exponential fits of the data that were constrained to the asymmetry index determined at t = 0. The 1/e relaxation time (td) for back diffusion of the occupied and unoccupied EGF receptor was determined from the exponential decay curves as measured using FI-EGF or B-EGF/TXR-avidin (Figs. 2 and 3) . The lateral diffusion coefficient (D) was calculated from the equation (Poo, 1981 ) D = r2/2td, where r, the radius of a cell, was 12.5 Izm.
The following experiment showed that cellular metabolism did not significantly influence the postfield back diffusion of the unoccupied receptors. Cells were exposed to an electric field, then incubated at 37°C for either 30, 60, or 120 min in either DME or in glucose-free DME containing 2-deoxyglucose (30 mM) and sodium azide (2 mM). The cells were labeled with B-EGF/TXR-avidin and the asymmetry indices were determined. At each time point, the asymmetry indices differed by <15 % in the presence or absence of energy inhibitors.
To measure the back diffusion of the occupied receptor, cells were exposed to an electric field, labeled with either FI-EGF or B-EGF at 4°C, and then incubated for increasing times at 37°C. After back diffusion, the Fl-EGF-labeled cells were fixed. B-EGF-labeled cells were incubated at 4°C with TXR-avidin before fixation. The asymmetry index, as measured by microfluorimetry, decreased in a time-dependent manner that approximated a single exponential with complete relaxation of asymmetry (Figs. 2 and 3) . The l/e relaxation times were 137 and 192 min and corresponded to lateral diffusion coefficients of 0.95 and 0.68 x 10 -t° cm2/s, respectively (Table I) .
One concern with the measurement of back diffusion of the occupied receptor was that endocytosis of the hormonereceptor complex might contribute to the asymmetry relaxation curve even though the experiment was performed in glucose-free medium containing energy inhibitors. No bright dots of fluorescent stain were detected at any point in the back diffusion experiment using FI-EGE However, parallel cultures were subjected to a more sensitive assay using 1251-EGF and an acid wash to selectively remove cell surface hormone. The results of these experiments indicated that at the 3-h back diffusion point, '~30% of the cell-bound hormone had been internalized. Thus the slightly different values for the diffusion coefficient obtained with F1-EGF and B-EGF/ TXR-avidin may reflect a small error introduced by internalization. Since internalized B-EGF would not be detected and FI-EGF would be detected, the errors introduced by the two methods should be of a different nature.
Discussion
Exposure of viable A431 cells to an electric field induced an asymmetric distribution of the EGF receptor as determined by postfield labeling with direct and indirect fluorescent probes (Fig. 1) . The highest concentration of receptor was at the pole of the cells facing the cathode thus indicating that the receptor was less negatively charged than other membrane components (McLaughlin and Poo, 1981) . In cells that had been treated with metabolic poisons to inhibit internalization of the hormone-receptor complexes, we demonstrated that the occupied receptor also was redistributed by an electric field. Previous studies have shown that, under the conditions of this experiment, the occupied receptor formed tightly packed clusters containing 10-15 hormone-receptor complexes that tended to accumulate at coated pits McKanna et al., 1979) . Since the occupied receptors were mobile in the electric field, it is clear that they are not irreversibly tethered to the coated pit. As previously reported by others (Tank et al., 1985) , we did not note any electric field-induced redistribution of coated pits as measured by fluorescent microscopy using antiserum against clathrin (Braslau, D. L., and H. T. Haigler, unpublished results) . It also was found that internalized EGF was immobile in the electric field.
The rate of lateral diffusion of the occupied EGF receptor (D = 0.68-0.95 × 10 -~° cm2/s) was estimated by measuring the rate of relaxation of electric field-induced asymmetry in cells that were labeled with EGF before back diffusion at 37°C (Figs. 2 and 3) . The D value for the occupied EGF receptor as previously determined by FPR (2.3-8.5 x 10 -1° cm2/s) (Schechter et al., 1978; HiUman and Schlessinger, 1982; Livneh et al., 1986) was significantly higher than this value. The discrepancy between these two methods is even more pronounced at low temperature. At 4°C the receptor had no detectable mobility as measured by the postfield recovery method (Fig. 2) while the FPR method determined that D was '~3 x 10 -1° cm2/s (Zidovetzki et al., 1981; Hillman and Schlessinger, 1982) . A number of factors could contribute to this discrepancy. One concern is that the electric field will cause a lateral heterogeneity in the distribution of membrane proteins and lipids that could alter the rate of back diffusion particularly immediately after relaxing the field. However, the rate of back diffusion could be approximated by a single exponential indicating that this factor did not grossly affect the determination of the value of D. Nonetheless, this method is not sensitive enough to rule out the possibility that the relaxation curve is the sum of subpopulations of receptors with somewhat different mobilities.
Alternatively, the discrepancy between D as determined either by FPR or by in situ electrophoresis and back diffusion may be a reflection of physiological parameters that are involved in one method and not the other. The FPR method involves the measurement of the diffusion of receptors into a small ('~1 tam diam) spot while the postfield recovery method involves the measurement of the diffusion of receptors over the entire diameter of the cell. Since the apparent rate of diffusion measured by the latter method is slower, additional cellular mechanisms may impede the diffusion of the occupied EGF receptor as it leaves its local environment. Rees et al. (1984) found a subpopulation of EGF receptors that were immobile at 37°C. These immobile receptors corresponded to high affinity binding sites that comprised •5 % of the total number of receptors. Since the experiments described herein were done at saturating concentrations of EGF, the small contribution of this subpopulation of immobile receptors would not be detected.
Although significantly different D values for the occupied EGF receptors are obtained by postfield relaxation and FPR methods, the D values determined by both methods are smaller than the D value of '~0.5-1.0 × 10 -s cm2/s expected from theoretical calculations (Saffman and Delbruk, 1975; Saffman, 1976) and experiments on purified membrane proteins in lipid bilayers (Peters, 1981; Smith et al., 1979 Smith et al., , 1980 Criado et al., 1982; Tank et al., 1982) . One of the few cell surface receptors in which the D values of both the occupied and unoccupied states are known is the low density lipoprotein receptor. The D value (2 x 10 -9 cm2/s) of the unoccupied receptor, as determined by back diffusion following in situ electrophoresis (Tank et al., 1985) , approached the value expected for unhindered lateral diffusion while the D value of the occupied receptor, as measured by FPR (Barak and Webb, 1982) , was -,100-fold lower. The constrained diffusion rate was proposed to be due to ligand-induced interactions between the occupied receptor and an unidentified cellular component. The cellular component may be the cytoskeleton because membrane blebs that were separated from the cytoskeleton contained low density lipoprotein receptors with a D value of '~10 -9 cm2/s (Barak and Webb, 1982) . However, the difference in D values for occupied and unoccupied low density lipoproteins receptors does not appear to be a general rule; the occupied and unoccupied IgEFc receptors diffused laterally at nearly the same rate (McCloskey et al., 1984) .
The low density lipoprotein studies raised the possibility that the constrained lateral diffusion rate of the occupied EGF receptor was induced by the ligand. Although we found that the D value for the unoccupied EGF receptor (2.6-3.5 x 10 -'0 cm2/s) was slightly higher than the D value of the occupied receptor, it still was an order of magnitude removed from the value expected for an unhindered protein. The cellular or molecular basis of the nearly fourfold difference in the D values between the occupied and unoccupied EGF receptor is not clear. The occupied receptor would have been in the form of tightly packed clusters during back diffusion . It is not known if the clusters diffused as a stable group or if they dissolved to allow diffusion of monomeric hormone-receptor complexes. Since lateral diffusion theory (Saffman and Delbruk, 1975; Saffman, 1976) predicts, and experiments show , that D depends only logarithmically on the molecular weight of the diffusing particle, D should decrease less than two-fold upon formation of a diffusing cluster containing 10-15 hormonereceptor complexes.
Since the calculated D value is proportional to the square of the cellular radius, a small error in choosing the correct value for the radius may have a large effect on D. Since A431 cells are normally flat polygonal cells that exhibit only small membrane folds (Chinkers et al., 1979) we calculated D assuming the cell surface is planar. Previous experiments have shown that D as determined by the FPR method is effected to a significant extent by nonplanar forms of membranes (Wolf et al., 1982; Aizenbud and Gershon, 1982) . However, cell geometry may have a greater effect when back diffusion over the entire cell surface is considered. It has also been shown that treatment of A431 cells with EGF induces extensive ruffling (Chinkers et al., 1979) . This ruffling could contribute to the increased asymmetry index relaxation time observed in EGF-treated cultures (Figs. 2 and 3) .
It is unlikely that the single 26-amino acid transmembrane region of the EGF receptor experiences sufficient drag from the lipid of the plasma membrane to hinder the rate of lateral diffusion to this extent unless it is via interaction with other membrane macromolecules. This seems unlikely since the rotational diffusion of the EGF receptor before clustering is approximately what one might expect for an unhindered membrane protein (Zidovetzki et al., 1981) . The hindered lateral diffusion rate does not appear to be due to interactions of the cytosolic domain of the receptor with the cytoskeleton because the D value is approximately the same when all but nine of the amino acids of the cytosolic domain are deleted . Thus interactions between cellular components and the extracellular domain of the EGF receptor appear to be the most likely source of the hindered lateral diffusion. The extracellular matrix has previously been implicated in hindering the lateral diffusion of major histocompatibility antigens in cultured fibroblasts (Wier and Edidin, 1986) .
